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Acid functionalized mesoporous silica materials like sulphonic acid (SOsHMCM-41) and phosphotungstic acid (PWMCM-41) were
synthesized by a simple co-precipitation method. These materials were characterized using XRD, SEM-EDS, FT-IR, BET surface area
techniques. The mesoporosity was retained even after acid functionalization into MCM-41. There was a significant fall in the surface area

found to be more acidic than PWMCM-41 and MCM-41. Their performance was evaluated by conducting experiments on the removal of
heavy metals like Pb(II), Cd(Il), Zn(II) present in industrial wastewaters, with atomic absorption spectrophotometer (AAS). The required
experimental factors were analyzed and it was observed that the removal of metals was more efficient with the acid-functionalized
materials than with MCM-41. Freundlich adsorption isotherm and pseudo-first order kinetics have confirmed the validity of the results.

INTRODUCTION

Rapid commercialization of industrial sector has led to
the release of hazardous pollutants into the environment [1].
In particular, the unplanned discharge of some toxic metals
into the natural waters has produced an inevitable environ-
mental issue around the globe [2]. Many of these heavy metals
are hesitant to be degraded biologically and resistant to convert
into less harmful products [3]. Effluents of various industries
such as mining, metal plating, manufacturing of radiators, alloys,
storage cells contains mainly the heavy metal contaminants
[4]. In this regard, to reduce the effect of these toxic materials
on the environment, wastewater treatment guidelines have been
established by United states environmental protection agency
(USPEPA), which mainly focus on the maximum threshold
limits of the toxic materials in the effluent waters [5]. As shown
in Table-1, some of the maximum contaminated levels (MCL)
of few heavy toxic metals have been represented [6].

Various methods involved in the treatment of these heavy
metals from industrial wastewaters, viz. precipitation, membrane
filtration, ion exchange, adsorption and co-precipitation/
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adsorption [7]. In these methods, adsorption was found to be
the most efficient technique in removing the toxic metal pollu-
tants [8]. Apart from the extensive usage of activated carbon as
an efficient adsorbent, which was observed to be a costly process,
several alternative economical methods have been reported
for the removal of heavy metals from the contaminated waters
[8]. In such route, several researchers have investigated the
usage of low cost agricultural waste byproducts such as
sugarcane bagasse [9-13], rice husk [14-18], sawdust [19-21],
coconut husk [22], oil palm shell [23], neem bark [24], etc.
for removing heavy metals from wastewaters. Even though
these bio-adsorbentsgl were effective in eradicating heavy
metal pollutants, many of these were found to be less effective
in removing metal ions present in trace limits in the wastewaters
[24,25].

As an alternative, mesoporous silica was another efficient
adsorbent identified by the researchers to eradicate the hazardous
toxic metals, even in trace levels, from wastewaters [26]. Meso-
porous silica is a highly ordered material with a regular two-
dimensional hexagonal array of channels [27]. Due to high
specific surface area and narrow pore size (2-10 nm), it was
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TABLE-1
TOXIC EFFECTS OF FEW HEAVY METALS WITH RESPECT TO THEIR TLV [Ref. 6]
Heavy metal Toxic effects MCL (ppm)

Lead Attacks fetal brain, kidneys, circulatory system and nervous system 0.006
Cadmium Kidney and renal disorders 0.010
Zinc Depression, lethargy, neurological signs and disorder in nervous system 0.800
Chromium Headache, diarrhoea, nausea, vomiting, carcinogen 0.050
Arsenic Skin infection, visceral cancers, vascular disease 0.050

reported to be effective in Cd(II) removal from wastewaters
[28]. The material was also coupled with organic functional
groups like carboxylic acid, sulfonic acid and amine-carbonyls
and these modified forms possess enhanced catalytic properties
[28]. Polyaniline/polypyrrole/hexagonal type mesoporous
silica have been synthesized and analyzed for heavy metal
removal of 99.2% at an optimal pH of around 8.0 [29]. SBA-
15 tailored nano-porous silica was synthesized by functional-
izing it with ethylenediamine, in which the material has shown
a greater removal efficacy of few metal ions (98%) at pH higher
than 4.5 [30]. These materials possess definite pore size, high
specific surface area and good adsorption properties [31].
Compared to mesoporous MCM-41 material, its modified forms
have been reported to be efficient in playing the role of adsor-
bents [32]. Thiol-functionalized Co-Fe,O, magnetic mesoporous
silica composite was synthesized using modified Stober method
and the material’s adsorption capacity was investigated for
the removal of Hg** ions from the aqueous solutions [33,34].

On the basis of these inputs and identifying the importance
of mesoporous materials as efficient adsorbents, the present
research work was designed to remove some heavy metals
like Pb(II), Cd(IT) and Zn(II) from their experimental solutions
using these mesoporous materials. Acid functionalized MCM-
41 materials like sulphonic acid MCM-41 (SOsHMCM-41),
phosphotungstic acid MCM-41 (PWMCM-41) were synthe-
sized using facile co-precipitation method along with its parent
template MCM-41. The materials were characterized using
XRD, SEM-EDS, FTIR, BET surface area techniques and their
adsorption capacity has been analyzed by examining the supp-
orting factors like role of pH, contact time, catalyst weight
and concentration of the metal ion solution. Further, the rate
of adsorption was investigated by applying Freundlich adsor-
ption model and the pseudo-first order kinetic profile was
analyzed in order to authenticate the experimental results with
the adsorption and kinetic studies, respectively.

EXPERIMENTAL

Cetyltrimethylammoniumbromide (CTAB) and tetraethyl
orthosilicate (TEOS) were procured from Sigma-Aldrich,
Ammonia (NH3, AR grade) and ethyl alcohol (EtOH, AR grade)
and sulphuric acid (98%), phosphotungstic acid (H;PW,040)
were obtained from SRL laboratories, India. Lead(II) chloride,
cadmium(II) chloride and zinc(II) chloride were used as the
metal ion solutions, to study the removal of the respective metal
ion, Pb(II), Cd(II) and Zn(II) from the aqueous solutions.
Experimental solutions were prepared using double distilled
water.

Synthesis of acid functionalized MCM-41 materials:
In order to synthesize these transformed MCM-41 materials,
its parent template MCM-41 was synthesized using a simple
co-precipitation method using appropriate proportions of the
silica precursor, TEOS and the surfactant, CTAB.

Sulfonic acid functionalized MCM-41 (SO;HMCM-41):
In this step, 0.5 N conc. H,SO, (25 mL) was taken in a beaker
and to this, 1.5 g of calcined MCM-41 was dispersed. The
contents in the beaker were kept under ultrasonication for 2-3 h
near the room temperature. The resultant mixture was kept
under heating at around 70-80 °C for 30-40 min. The resultant
slurry obtained was dried near 110-120 °C for 5-6 h.

Phosphotungstic acid functionalized MCM-41 (PWM-
CM-41): To a clear methanolic solution, 0.5 of phosphotunstic
acid was added and then 1.5 g of calcined MCM-41 was dispersed.
The contents were kept under ultrasonication for 18-20 h near
the room temperature. The gel obtained was evaporated and
dried near 110-120 °C for 30-40 min.

Determination of acid strength: The surface acidity of
the mesoporous materials was determined by ion exchange
method through a simple acid base titration. To a series of three
separate beakers filled with 50 mL of 0.1 N KCl solution, 0.1
of each mesoporous materials was dispersed. The solution has
the ability to exchange the H* ions on the surface of the materials.
The suspensions were boiled at around 100 °C for about 30-40
min. The resultant suspensions were centrifuges (5000 rpm),
filtered and the solid residue was separated. The supernatant
liquid was titrated with a known concentration of NaOH, which
was earlier standardized with a standard solution of oxalic acid.
Finally, the acidity on the surface of the materials was obtained
as 0.002 N, 0.109 N and 0.041 N in MCM-41, sulphonic acid
and phosphotungtic acid MCM-41, respectively. These results
indicate the existence of higher acidic nature on the surface of
SO;HMCM-41 material compared to the other materials and
it was anticipated that the material could display pronounced
catalytic properties. Therefore, the catalytic ability of the
materials was examined by conducting adsorption process
towards the removal of some selected hazardous heavy metals
in wastewaters.

Detection method: The synthesized acid functionalized
MCM-41 materials along with its parent template (MCM-41)
have been characterized using X-ray diffractometer in the range
of 20 = 5-10° by step scanning on the Rigaku D/MAX-2500
diffractometer (Rigaku Co., Japan) with CuKo.-radiation (A =
0.15406 nm) operated at 40 kV and 100 mA. SEM images of
the samples were taken using a Philips XL 30 ESEM scanning
electron microscope (FEI-Philips Company, Hillsboro, USA).
Quantachrome Nova 2000e surface area and pore size analyzer
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has been employed for the surface area measurements of the
catalysts by nitrogen adsorption-desorption under liquid nitrogen
atmosphere (77 K). Fourier transform infrared spectral (FT-IR)
data was recorded from BRUKER ALPHA FT-IR with Opus
6.1 version using KBr pellets at 4500-400 cm™ region. Atomic
absorption spectrophotometer (AAS) (iCE FIOS, Thermo-
Fischer Scientific, Focal length: 250 mm, diffraction grating:
1800 lines/mm, bandwidth variable from 0.1 to 2.0 mm).

RESULTS AND DISCUSSION

XRD study: Powder X-ray diffraction patterns of MCM-
41, SOsHMCM-41 and PWMCM-41 are shown in Fig. 1. The
diffraction peaks corresponding to di, di1o and day planes
have occurred in the 20 range of 2-10°, where the peaks represent
the hexagonal moiety in the MCM-41 [35]. These peaks also
designate the crystallographic ordering in the mesoporous
materials. In the synthesized acid functionalized MCM-41
materials, a low angle diffraction peak was observed (d,) near
20 of 2-3° [35]. Furthermore, the peak intensity has decreased
from sulphonic acid MCM-41 to phosphotungstic acid MCM-
41 material and it indicates the coupling of the acid functional
groups into the matrix of MCM-41 material.
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Fig. 1. XRD spectra of the mesoporous materials

SEM-EDS studies: The SEM and EDS images of MCM-
41, SO;HMCM-41 and PWMCM-41 are shown in Fig. 2. As
observed from the SEM images of the materials, the morpho-
logy of the particles in all the materials was observed to be
spherical in the nature. Further, there was no appreciable change
in the morphology in the acid functionalized MCM-41 materials,
when compared with the MCM-41 material. The presence of
phosphorus, tungsten and sulphur atoms in the acid function-
alized MCM-41 materials was clearly observed in the EDS
spectra of the materials, along with the presence of character-
istic Si, O and C atoms.

N; adsorption-desorption studies: The specific surface
area (SSA) of the mesoporous materials were evaluated through
BET (Brunauer-Emmett-Teller) method and obtained over the
range of 600 to 1000 m* g'. The SSA of the functionalized
MCM-41 materials has reduced by introducing the acid

functional groups to the framework. Typical type-IV adsorption
isotherm was observed as represented in Fig. 3, indicating the
formation of mesoporous nature in the acid functionalized
materials along with its parent template, MCM-41 [36]. Further-
more, using multipoint BET isotherms adopted from BJH
method, the pore volume and pore size were calculated and
presented in Table-2. There was significant fall in both the
parameters on functionalizing with acid groups into MCM-
41, which could be attributed to the occupancy of some of the
pores by acid groups.

TABLE-2
TEXTURAL PROPERTIES OF ACID
FUNCTIONALIZED MCM-41 MATERIALS

Pore volume

Material Sper (m? g7 Pore size (A) (cc gy
MCM-41 1018.7 16.9 0.23
SO;HMCM-41 857.5 16.3 0.17
PWMCM-41 729.5 15.7 0.16

FTIR studies: The FT-IR spectra of the synthesized meso-
porous materials is shown in Fig. 4. A characteristic band
appears at 1644 cm™ in the spectrum of MCM-41 due to the
bending vibrations of the surface adsorbed water molecules
[37]. The absorption bands at 1073 and 1229 cm™ were formed
corresponding to the stretching vibrations (asymmetric) of
Si-O-Si bonds. Near 965 cm™, a band corresponding to Si-OH
stretching vibration was observed [38]. The absorption bands
in the range of 795-450 cm™ region corresponds to the bending
vibrations of Si-O-Si bonds and the band near 795 cm™ parti-
cularly represents the existence of free silica in all the materials
[39]. SOsHMCM-41 exhibits the additional peaks at 1169 and
574 cm™ analogous to the sulfonic acid group. The S-O stret-
ching vibrations of the -SO;H group was obtained in the range
of 1200-1000 cm™. Due to the overlapping of these peaks with
the stretching absorption peaks of Si-O-Si bonds (1130 to 1000
cm™) and with Si-CH,-R bonds (1250 to 1200 cm™), the above
peaks were not considered.

Furthermore, the non-condensed Si-OH stretching vibra-
tions were observed near 958 cm™ in all the materials. The
bending vibrations of the adsorbed water molecules was observed
near 1628 cm™ (high intense). Four main absorption peaks
observed for phosphotungstic acid at 1081 cm™ (P-0,), 983
cm™ (W-0y), 893 cm™ (W=0,—W) and 800 cm™ (W-O.—-W),
can be ascribed to asymmetric bond stretching vibrations.
Absence of any shift in W-Oq band after functionalization on
MCM-41 indicates that there is no fragmentation of phospho-
tungstic acid.

Removal of heavy metals: The sample solutions for the
experimental study were prepared by using 0.1 N solutions of
M"™ salts. The concentration of the M"™ ions was measured
using AAS and the % removal of the metals was calculated
using eqn. 1:

A-B

Removal of metal ion (%) = x100 D

where, A and B are the concentrations of the metal ion, before
and after treatment with the mesoporous material under estab-
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Fig. 2. SEM-EDX images of (a) MCM-41, (b) SO;HMCM-41 and (c) PWMCM -41

lished conditions. Each experimental solution (50 mL) was
taken in 250 mL beaker and a known weight of mesoporous
material (mg) was added to it. The mixture was kept under
magnetic stirring for a fixed time (min) and the resultant
suspension was centrifuged (5000 rpm), filtered and the
obtained supernatant liquid was analyzed with AAS, to find
out the % removal of the respective metal ion in its solution.

Effect of pH: The effect of pH in the removal of the heavy
metals play an important part of study [40]. Initially, the zeta
potential (mV) of the synthesized mesoporous materials was
determined, in order to understand the charge distribution their
surface and the results are shown in Fig. 5. It was plotted between
the zeta potential (Pzpc, in mV) and pH of the sample solution
under study. It was observed that the zeta potential of the
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Fig. 4. FTIR spectra of (a) MCM-41, (b) SO;HMCM-41, (c) PWMCM-41

materials has become more and more negative, with increase
in pH of the solution. It signifies that the surfaces of the materials
was mostly anionic, as at pH > Pz, the surface of catalyst is
cationic and at pH < Pzpc, the surface is anionic in nature [41].
Hence, the catalytic performance of the mesoporous materials
was active in the acidic pH range.

By varying the pH from 2.0 to 7.0 in the aqueous metal
solutions and dispersing a known weight of the mesoporous
materials, the experimental solutions were stirred magnetically
for fixed period and the concentration of the metal ion in the

Effect of weight of catalyst: The next important factor,
which can decide the effectiveness of a catalyst is its compo-
sition in the reaction medium [42]. Using the pH criteria and
to determine the correct composition of the mesoporous materials
(mg) towards the removal of the selected toxic metals, the
studies were conducted and the results are shown in Table-4.
It was observed that the removal of the metal has increased
with increase in the catalyst weight (mg) from 5 to 15 mg/L of
the solution. However, at higher weights of the catalyst, from
20 to 30 mg/L, the removal efficiency has decreased. At higher
catalyst weights, the particles could agglomerate and causes
less catalytic activity [42]. This leads to decreased adsorption
of the metal ions on the surface of the mesoporous materials.

TABLE-3
ROLE OF pH ON THE REMOVAL (%) OF THE METAL IONS
Pb(II) cd(n) Zn(Il)

pH MCM4]  SOHMCM-  PWMCM- | 0 SOHMCM-  PWMCM- | o0 SOHMCM-  PWMCM-

41 41 41 41 41 41
2.0 38 53 48 42 53 49 32 54 48
3.0 45 89 69 61 73 69 49 79 63
4.0 72 82 85 73 87 85 63 86 80
5.0 85 98 93 82 94 90 78 93 91
6.0 73 84 76 68 79 71 59 82 79
7.0 62 79 71 50 68 61 42 70 69
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TABLE-4
ROLE OF CATALYST WEIGHT ON THE REMOVAL (%) OF THE METAL IONS
Catalyst Pb(II) cd(n) Zn(Il)
weight SO,HMCM- PWMCM- SO,HMCM- PWMCM- SO,HMCM- PWMCM-
(mg) MCM-41 i ) MCM-41 i R MCM-41 i )
5 45 64 59 53 63 60 39 45 43
10 58 81 79 73 82 79 57 69 65
15 76 95 89 80 92 89 68 89 86
20 66 83 71 77 86 80 55 73 68
25 50 74 56 56 71 69 50 67 57
30 33 58 48 46 65 58 42 61 58

Role of contact time: In this experimentation, the pH of
the testing solutions was maintained at 5.0 with 0.1 N HCI
solution and 15 mg of mesoporous material was dispersed in
each testing solution. The time of contact was studied by fixing
the time intervals in the range of 2 to 12 min with a difference
of 2 min at each trial. As displayed in Table-5, with increase
in contact time of the metal ion solutions with the mesoporous
materials, the % removal of the metal ions has increased up to
10 min of contact time. However, at 12 min of contact time,
the % removal of the metal ions has decreased with all the meso-
porous materials. Hence, the results revealed that the effective
removal of the metal ions was observed at 10 min of contact
time with the synthesized mesoporous materials.

Action of concentration of metal(II) ion: The rate of
adsorption of metal ions (adsorbate) on the surface of the meso-
porous materials (adsorbent) also depends on its concentration.
Hence, the studies were conducted with the above established
optimal factors and results are displayed in Table-6. It was
observed that with increase in the concentration from 1 to 7
ppm the rate of adsorption has increased and from then the
tendency has decreased by changing the concentration from 7

to 8 ppm. At higher concentrations of solute, the number of
available active sites on the fixed weight of the catalyst would
be less and causes less rate of adsorption [43].

From these experiments, it was observed finally that the
adsorption capacity order is: SOsHMCM-41 > PWMCM-41
> MCM-41 materials, respectively. Even though the specific
surface area was more in MCM-41 (1018.7 m* g™"), its
adsorption capacity was less than that of its acid functionalized
forms. These forms possess less specific surface area than
MCM-41 material, but their adsorption capacity was more and
further the activity was higher in SOsHMCM-41 than
PWMCM-41 material. In order to further investigate these
observations, Freundlich adsorption model was applied on the
results along with the pseudo-first order kinetic studies. These
studies were mainly conducted to evaluate the adsorption
capacity of the mesoporous materials. As from the above
results, the removal tendency was observed to be more in the
removal of Pb(II) ion, the forthcoming studies were conducting
with same.

Adsorption isotherm: An adsorption isotherm was applied
by establishing a graphical relation between the amount of

TABLE-5
ROLE OF CONTACT TIME ON THE REMOVAL (%) OF THE METAL IONS
Contact Pb(II) cd(n) Zn(II)
time (min)  mcmag  SOHMCM-  PWMCM- | o SOHMCM- PWMCM- | o SOHMCM-  PWMCM-

41 41 41 41 41 41
2 32 45 40 28 35 32 34 43 40
4 45 54 52 43 48 43 45 58 52
6 58 69 63 58 63 60 52 68 61
8 69 75 71 69 79 75 63 75 70
10 72 89 85 73 91 85 78 89 85
12 65 63 62 60 80 73 49 71 69

TABLE-6
ROLE OF CONCENTRATION OF THE METAL IONS ON THE REMOVAL (%) OF THE METAL IONS
Metal Pb(II) cd(n) Zn(Il)
(cg;n;-) —_— 5031{41\{1CM- PWIZIICM— —_— sozlah{[CM- PWIZIICM- —_— 5031{41\{ICM- PWIZIICM-

1 35 45 42 42 57 51 35 43 37
2 45 58 51 52 67 61 42 56 51
3 53 63 59 63 78 68 55 78 71
4 65 78 71 68 83 79 63 83 79
5 68 85 80 72 86 81 66 89 81
6 71 89 83 76 90 80 67 90 85
7 75 93 89 77 93 88 68 92 87
8 61 80 79 61 79 68 56 79 73

Experimental factors: pH = 5.0; weight of mesoporous material = 15 mg/L; contact time = 25 min
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the adsorbate getting adsorbed on the surface of the adsorbent
against the equilibrium concentration of the adsorbate at a given
temperature [44]. In present work, Freundlich model was
adopted to confirm the results of the rate of adsorption of the
metal ions on the surface of the mesoporous materials [45,46].

The model can describe the exponential distribution of
active centers on the catalyst surfaces [47]. It is based on the
multilayer adsorption and eqn. 2 shows its linear expression
[48].

Inq, :llnCe+anF (2)
n

where In q. and In C. denotes the equilibrium adsorption
capacity of the adsorbent (mg/g, mesoporous material) and
the equilibrium concentration of the adsorbate (mg/L, metal
ion), respectively. The adsorption capacity of the mesoporous
materials was observed from the In Kr (Freundlich constant)
and (1/n) represents the slope indicating the surface hetero-
geneity of the materials.

A graph was plotted (Fig. 6) between In q. (y-axis) and In
C. (x-axis), in which the factor (1/n) represents the slope and
Kr indicates the intercept on the y-axis. It can be observed
from the isotherm that the magnitude of the K has increased
from MCM-41 (In K¢ =0.3) to PWMCM-41 (In K¢ =0.7) and
SO;HMCM-41 (In K¢ = 1.1) mesoporous materials respectively,
with almost similar trends in their slopes. It denotes the higher
adsorption capacity of SOsHMCM-41 material than PWMCM-
41, which was further better adsorbent than MCM-41 material.
The results show that the acid functionalization of MCM-41
has improved the adsorption tendency of the mesoporous
materials. Furthermore, the rate of adsorption has increased
with increase in the concentration of the metal ion from 1 to 7
ppm progressively. With further increase in the metal concen-
tration, the adsorption capacity was almost constant, by varying
the concentration from 7 to 12 ppm.

1.7 4 A A A A A A
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Fig. 6. Freundlich adsorption isotherm

Kinetic studies: In the phenomenon of adsorption, the
study of kinetics plays an important role in understanding the
rate of adsorption of the adsorbates on the surface of the adsor-

bent [49]. For liquid-solid phase based adsorption systems,
pseudo-first order kinetic model can be applied to describe
the adsorption phenomenon [50]. According to this model,
the eqn. 3 describes its kinetic expression [51].

dgq
—¢ —K(q. —
m Qe —9q0) (3

The integral form is expressed as eqn. 4:
kt
log(q, —q,) =logq, - === “
where, q. and g, represents the equilibrium adsorption capacity
of the adsorbent (mg/g) and the adsorption capacity (mg/g) in
a time t (min), respectively. The rate constant of the pseudo
first-order adsorption model was denoted by k (min™).

A graph was plotted with log (q.-q¢) on y-axis and t on
x-axis, in which log q. denotes the intercept on y-axis and
-k/2.303 represents the slope of the curves.

From the adsorption kinetic profile, it was observed that
the intercept log q. (Fig. 7) was more with SO;sHMCM-41 and
PWMCM-41 materials, which was comparatively higher than
MCM-41 material. The pseudo first-order rate constant (k, min™")
was calculated and presented in Table-7. The rate constant has
increased drastically on acid functionalization of MCM-41
material, in which the highest value was observed with
SOsHMCM-41 material, indicating its efficiency in the adsor-
ption of the selected heavy metals from polluted waters.
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& 1.0
z
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Time (min)
Fig. 7. Adsorption kinetic profile

TABLE-7
KINETIC PROFILE OF THE RATE OF ADSORPTION
OF THE MESOPOROUS MATERIALS

Pseudo first order rate
constant (k) (min™)

Mesoporous material

MCM-41 2.83x10°
PWMCM-41 527 x 107
SO,HMCM-41 7.20 x 10°

Based on the above results, it was observed that the synthe-
sized acid functionalized mesoporous silica materials were
highly efficient adsorbents in eliminating the selected toxic
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TABLE-8
COMPARING THE RESULTS WITH EXISTING SCIENTIFIC REPORTS
Mesoporous material Eliminated metal ions Removal (%) of ion [or] adsorption capacity (mmol/g) Ref.
Nano MCM-41 (5.0 g/L)) Ni(II), Cd(II), Pb(II) Pb(II) = 85%; Ni(Il) = 30 %; Cd(Il) = 50 % [52]

Nano NH,-MCM-41 (5.0 g/L) Ni(II), Cd(II), PbII)
NH,-MCM-41 + EDTA (0.1 g)
Graphene oxide-ordered
mesoporous silica
G-SBA-15-N-C-H
G-SBA-15-NNN-E
G-SBA-15-NNN-E
NH,-SBA-15-Gn-EDTA
NH,-mesoporous silica

Ni(II), Cd(II)
As, Cd, Cr, Hg, Pb

Ni(II), Cd(II), PbI), Zn(1I)

Cu(Il)
Pb(II); Cu(Il); Cd(II)

o-Vanillin functionalized Pb(II)
mesoporous silica

MCM-41 Pb(II)
SO,HMCM-41 Cd(II)
PWMCM-41 Zn(1I)

(at 15 mg/L composition)

Pb(II) = 98 % (pH = 2.5); Ni(II) = 98 % (pH = 3.5);
Cd(IT) = 98 % (pH = 3.5)

Cd(IL): 0.71 (mmol/g); Ni (II): 0.69 (mmol/g) [53]
As = 97.7%; Cd = 96.9%; Cr = 96 %; [54]
Hg = 98.5%; Pb = 78.7%

Ni(IT) = 47%; CA(I]) = 73%; Pb(II) = 99 % [26]

Cu(Il) = 58%
Zn(Il) = 50 %

>94 % [55]
Pb(II) = 880.6 mg/g; Cu (II) = 628.3 mg/g; [56]
Cd(Il) = 492.4 mg/g

80 to 90 % adsorption capacity (155.71 mg/g) [57]
Pb(II) = 85%; Cd(II) = 82 %; Zn(1l) = 78% Present
Pb(I) = 98%; Cd(1l) = 94 %; Zn(1l) = 93% work

Pb(II) = 93%; Cd(I) =90 %; Zn(I) = 91%
at metal solution pH = 5.0

metal ions, Pb(II), Cd(II) and Zn(II) under the established
experimental conditions. On comparing the results (Table-8)
with other reported results, involving the removal of metal
ions by using acid-functionalized mesoporous materials, it was
analyzed that the SOsHMCM-41 and PWMCM-41 materials
were at par and even better adsorbents. In many of these methods,
co-condensation method or grafting methods were imple-
mented to obtain various organic functional group coupled meso-
porous materials. Majority of the reported works were based
on functionalization of MCM-41 with amino group, higher alkyl
chain (isopropyl), efc. to obtain efficient adsorbents. Further-
more, these materials were playing the role of effective adsor-
bents in the highly acidic pH range and also with higher catalyst
loads. On the other hand, the SOsHMCM-41 and PWMCM-41
materials, synthesized through a facile co-precipitation method
have eliminated the selected heavy metals to the maximum
extent with a very low catalyst composition (15 mg/L) and a
nominal pH range (5.0). The materials were observed to be the
best adsorbents as observed the results of adsorption isotherms
and kinetic studies. Hence, these materials can be an alternative
for the elimination of many other toxic metal ions from waste-
waters, so as to contribute for controlling the industrial waste-
water pollution.

Conclusion

Acid functionalized MCM-41 materials were synthesized
using a simple co-precipitation method and their role towards
the adsorption and removal of some heavy metal ion pollutants
like Pb(II), Cd(II), Zn(II) in wastewaters. The major outcome
of the present work is the usage of moderate experimental
conditions with facile adsorption technique. The synthesized
acid functionalized MCM-41 materials have also shown pro-
nounced adsorption capacity under the established conditions
of pH, contact time, concentration of the metal ion solution
and catalyst weight. The results were strongly supported with
the Freundlich adsorption model, in which the rate of adsor-
ption (In K¢ = 1.1) was found to be more with SOsHMCM-41
material. Similar trend was observed on applying pseudo-first

order kinetics, in which the material has shown the highest
rate constant (7.20 x 10 min") with respect to the rate of
adsorption of the selected metal ions on its surface. Therefore,
the materials are novel adsorbents in removing the toxic metal
ions from wastewaters using a simple adsorption technique.
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